Leaf phenology represents a major temporal component of ecosystem functioning, and understanding the drivers of seasonal variation in phenology is essential to understand plant responses to climate change. We assessed the patterns and drivers of land surface phenology, a proxy for leafing phenology, for the meridional Espinhaço Range, a South American tropical mountain comprising a mosaic of savannas, dry woodlands, montane vegetation and moist forests. We used a 14-year time series of MODIS/NDVI satellite images, acquired between 2001 and 2015, and extracted phenological indicators using the TIMESAT algorithm. We obtained precipitation data from the Tropical Rainfall Measuring Mission, land surface temperature from the MODIS MOD11A2 product, and cloud cover frequency from the MODIS MOD09GA product. We also calculated the topographic wetness index and simulated clear-sky radiation budgets based on the SRTM elevation model. The relationship between phenology and environmental drivers was assessed using general linear models. Temporal displacement in the start date of the annual growth season was more evident than variations in season length among vegetation types, indicating a possible temporal separation in the use of resources. Season length was inversely proportional to elevation, decreasing 1.58 days per 100 m. Green-up and senescence rates were faster where annual temperature amplitude was higher. We found that water and light availability, modulated by topography, are the most likely drivers of land surface phenology in the region, determining the start, end and length of the growing season. Temperature had an important role in determining the rates of leaf development and the strength of vegetation seasonality, suggesting that tropical vegetation is also sensitive to latitudinal temperature changes, regardless of the elevational gradient. Our work improves the current understanding of 
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INTRODUCTION
Plants are finely tuned to the seasonality of their environment, and phenology has been considered a key element to track vegetation responses to climate change (Polgar and Primack 2011; Morellato and others 2016) . Leaf phenology represents a major temporal component of ecosystem functioning, regulating processes such as carbon, water and energy exchange, forage availability, competition and coexistence (Gotelli and Graves 1996; Cleland and others 2007) . Identifying patterns and constraints regulating leaf phenology, and how these mechanisms differ among vegetation types, is therefore critical for understanding vegetation dynamics and for accurately forecasting future changes on ecosystems (Peñ uelas and others 2009; Polgar and Primack 2011) .
Phenological events are considered highly plastic traits, as they reflect flexible responses to environmental triggers (Davies and others 2013) . Leaf phenology triggers are well understood in temperate systems (Richardson and others 2006; Polgar and Primack 2011; Hwang and others 2014) , but drivers are still under debate for tropical environments (Morellato and others 2013; Borchert and others 2015) . In seasonal tropical environments, water and light availability have been identified as the main external factors directly or indirectly controlling vegetation seasonal rhythms, placing physiological and evolutionary constraints on the timing of phenological events (Wright and van Schaik 1994; Guan and others 2015) . The seasonality in annual rainfall and radiation budgets often has different timings; when water is available, light is likely to limit the production of new leaves, and vice versa (Rivera and others 2002) . According to Wright and van Schaik (1994) , seasonal forests often receive 25-50% more photosynthetically active radiation (PAR) during the dry season, when water is potentially limiting, and 20-30% less PAR during the rainy season.
Plant strategies and adaptations to water and light limitations are directly related to the distinct life forms. Tree species have a better ability to access and store groundwater and are less dependent on the timing of rainfall (Borchert and others 2002; Rivera and others 2002; Archibald and Scholes 2007) ; thus, light-limited trees are predicted to produce new leaves during the season of maximal irradiance, regardless of moisture levels (Wright and van Schaik 1994; Borchert and others 2005; Calle and others 2010) . Conversely, at a regional scale grasses are expected to have their maximum leaf area limited by hydraulic and architectural constraints, being more dependent on rainfall seasonality and soil water-holding capacity (Archibald and Scholes 2007) , particularly in upland sites (Schimel and others 1991) . Spatial and temporal variability in grasslands biomass accumulation are also driven by a combination of topography and fire history (Briggs and Knapp 1995; Reich and others 2001; Nippert and others 2006) , and light limitation is usually more significant in unburned sites where considerable PAR is intercepted by detritus accumulation (Knapp and Seastedt 1986; Schimel and others 1991) .
Elevational changes and topographic variability modulate the availability of abiotic resources such as light and water (Inouye and Wielgolaski 2013) , influencing species distribution, biomass production and the timing of leaf production. Although there is a growing number of studies seeking to understand phenological changes across elevational ranges (Richardson and others 2006; Hudson Dunn and de Beurs 2011) , direct investigation of tropical mountains has seldom been undertaken (Rocha and others 2016) and little is known about the relationship between topoclimatic conditions and leaf phenology in seasonal, snow-free tropical mountain environments (van Leeuwen and others 2013; Krishnaswamy and others 2014) .
One of the most challenging aspects of understanding phenology in the tropics is the lack of long-term monitoring datasets (Chambers and others 2013; others 2013, 2016) . In this sense, historical remote sensing allows us to retrieve temporal information and a synoptic view of vegetation dynamics (Reed and others 2009) . Known as land surface phenology (hereafter, LSP) (de Beurs and Henebry 2004) , these remote sensing analyses are defined as the seasonal pattern of Land Surface Phenology in a Tropical Mountain variation in vegetated land surfaces, being usually based on the calculation of spectral vegetation indices, derived from orbital sensors with high temporal resolution and moderate spatial resolution. The normalized difference vegetation index (NDVI) has been widely used to assess LSP, as it is capable of measuring photosynthetic activity and seasonal to interannual changes in leaf cover and canopy structure as a proxy for vegetation leaf phenology (Myneni and others 2007) . Although the observed patterns are related to biological phenomena, LSP is distinct from traditional definitions of vegetation phenology, because it describes the seasonality of reflectance characteristics that are associated with stages of vegetation development (Henebry and de Beurs 2013) , instead of specific events in a plant's life history.
The competing effects of light and water are also difficult to assess at regional ecosystem scales, and remote sensing can provide spatially explicit measurements of these factors that are fundamental to understand the effects of abiotic conditions on vegetation dynamics (Myneni and others 2007; Reed and others 2009) . Here, we use a 14-year time series of MODIS/NDVI satellite imagery to characterize and understand the patterns of land surface phenology for the mosaic of highly diverse and endangered tropical seasonal forests and woodlands, grasslands and cerrado savannas distributed across the latitudinal and elevational gradients of the meridional portion of the Espinhaço Mountain Range, in south-eastern Brazil. We also combine satellite-based phenological, climatic and topographic information to evaluate how climate and Figure 1 . Overview of the topography and extent of the meridional portion of the Espinhaço Mountain Range, and the Iron Quadrangle, state of Minas Gerais, Brazil (left). On the right, the unique position of the Espinhaço Range as an ecotone of vegetation types: Atlantic rainforest (moist seasonal forest) to the east and south, cerrado (savanna) vegetation types to the west, dry woodlands in the north and, on the highlands, campos rupestres, a montane vegetation mosaic comprising mainly non-forest formations growing over sandy/rocky soils and rocky outcrops. Photographs: courtesy from Bruna Alberton (dry woodlands); Maria Gabriela Gutierrez Camargo (cerrado); Annia Streher (montane vegetation); Moist forest photograph taken from http://ramonlamar.blogspot.com. topography interact to shape water and light availability in the Espinhaço Range, thus driving the LSP of its several vegetation types.
METHODS
We studied the meridional portion of the Espinhaço Range, including the ''Iron Quadrangle'' mountain formation, in the state of Minas Gerais, south-eastern Brazil (Figure 1 ). The Espinhaço Range (Cadeia do Espinhaço) is one of the most ancient landscapes on Earth, where different and highly diverse biomes converge, resulting in a complex biogeographic history and high levels of diversity and endemism (Fernandes 2016; Silveira and others 2016) . This environment thus offers a unique opportunity to understand the effects of topoclimatic variability on LSP.
The Espinhaço Range spans approximately 1200 km in the N-S direction, varying between 50 and 100 km in width along its length (Giulietti and Pirani 1988) . The range emerged during Gondwana formation, nearly 640 Mya, evolving under prolonged tectonic stability and extreme weathering, with sedimentary rocks dating back to 1.8-1.75 Ga (Schaefer and others 2016) . The Iron Quadrangle is a major mineral province in Brazil, located south of the Espinhaço Range and covering an area of approximately 7000 km 2 , with rocks dating back to 2.5 Ga). Mean elevation in the studied area is over 1000 m above sea level, with peaks reaching 1800-2100 m. The relief has rugged and sharp features, producing a wide diversity of soils and micro-environmental conditions (Giulietti and Pirani 1988; Schaefer and others 2016) .
Moist forest vegetation occurs at the eastern and southern portions of the meridional Espinhaço Range, forming a transitional belt between the coastal humid Atlantic rainforest and the dryland vegetation of interior Brazil (de Lima and others 2015) . The cerrado is a highly diverse neotropical savannas, including a wide range of vegetation types from open grasslands to woodlands with varying tree densities (Simon and others 2009), which can be found mainly at the western side of the Espinhaço Range. The northern portions of the Espinhaço Range are characterized by an ecotone of savannas, dry forests and caatinga, which are unique to NE Brazil (Portillo-Quintero and Sá nchez-Azofeifa 2010), and broadly named here as dry woodlands. Finally, the Espinhaço highlands mountain vegetation are dominated by campos rupestres, a montane vegetation mosaic comprised of fire-prone grasses and shrubs growing on quartzite, sandstone or ironstone rocky outcrops, grasslands growing on sandy, stony or waterlogged soils, and patches of transitional vegetation such as cerrado, gallery forests and relictual hilltop forest patches occurring along the drainage network (Fernandes 2016; Silveira and others 2016) .
Human disturbances in the region are associated with urbanization, deforestation and land appropriation for agriculture and Eucalyptus plantations, especially on the lowland regions (Silveira and others 2016) . On the highlands, the major current threats are annual anthropogenic burnings to support the cattle industry, wood extraction, invasive species and, mainly in the Iron Quadrangle, opencast mining of gold, precious stones, and iron and manganese ore (Silveira and others 2016) .
Land Surface Phenology
This study was based on a time series of 884 normalized difference vegetation index (NDVI) images derived from the Moderate Resolution Imaging Spectroradiometer (MODIS) sensor, acquired between 2002 and 2015, at 7-day intervals. We used the global NDVI dataset provided by the Institute of Surveying, Remote Sensing and Land Information (IVFL) of the University of Natural Resources and Applied Life Sciences (BOKU). This improved NDVI dataset uses as input the standard MOD13Q1 and MYD13Q1 NDVI 16-day maximum value composite products, from MODIS Aqua and Terra satellites (collection 5 products from NASA) (Huete and others 1999) . MOD13Q1 and MYD13Q1 NDVI are derived from the level-2G daily surface reflectance gridded data (MOD09 and MYD09 series) using the constrained view angle-maximum value composite (CV-MVC) compositing method. The BOKU dataset improves the standard NDVI products by filtering images for data noise and interpolating original observations to daily NDVI values using a Whittaker smoothing filter, which takes into account the quality of the observations according to the MODIS VI Quality Assessment Science Data Set (QA SDS) and the compositing day for each pixel (Vuolo and others 2012; Klisch and Atzberger 2016) . The user can then choose the desired temporal aggregation step, such as our choice of 7-day intervals. This dataset has a spatial resolution of 250 m (Vuolo and others 2012; Klisch and Atzberger 2016) .
NDVI is related to the photosynthetic capacity of vegetation and to biophysical variables such as the fraction of photosynthetically active radiation absorbed (fPAR) and fractional green cover (Tucker 1979) , and is a measurement of the difference in light reflectance between the visible and near-infrared spectral regions: The TIMESAT 3.2 software suite was used to extract phenological metrics from the MODIS/ NDVI time series (Jonsson and Eklundh 2002, 2004) . To further smooth noisy variations in the time series, the seasonal curves were fitted using a double logistic model (Jö nsson and Eklundh 2004) . A user-defined threshold of 20% of the seasonal amplitude, above the left minimum of the seasonal curve, was defined as the start of the growing season (SOS), and a similar threshold (20%) was applied to the right minimum of the seasonal curve to define the end of the growing season (EOS). Amplitude is determined separately for each side of the curve, thus accounting for possible hysteresis in the seasonal response curves. This threshold was chosen by visual inspection of the fitted function for several random pixels representing each vegetation type, using TIMESAT's graphical interface, as the best compromise between capturing the maximum extent of the growing season without being overly influenced by minimum seasonal values, which can be strongly affected by noise (Jö nsson and Eklundh 2004) . The timing of the mid-season peak (MID) was then computed as the mean value of the curve values for which the left edge had increased to the 80% level and the right edge had decreased to the 80% level, as pre-defined by the TIMESAT algorithm. Season length (LOS) was defined as the time from the start (SOS) to the end (EOS) of the season. Green-up (GR) and senescence (SR) rates were calculated as the ratio of the difference between the left/right 20% and 80% of total curve amplitude levels and the corresponding time difference, also as pre-defined by the TIME-SAT algorithm. Season amplitude (SA) was obtained as the difference between the peak value and the average of the left and right minimum values. All phenological metrics were extracted following Jö nsson and Eklundh (2004) Figure 3 ). 
Topoclimatic and Environmental Variables
To characterize the geographic distribution of environmental drivers of plant phenology, we analysed remote sensing-derived temperature, precipitation and cloud cover frequency, and modelled topographical water availability and incoming solar radiation, based on terrain elevation data. For temperature, we used the MODIS Terra Land Surface Temperature (LST) product (MOD11A2, version 5), which provides estimates of surface temperature at 1 km spatial resolution and 8-day time intervals. We used the MODISTools package in R (Tuck and others 2014) , combined with the Modis Reprojection Tool by the NASA Land Process DAAC (https://lpdaac.usgs.gov/tools/modis_reproj ection_tool) to download, mosaic and reproject the MODIS LST time series from 2001 to 2015. We converted LST values to degree Celsius (°C) and calculated the per-pixel daytime 90th percentile and nighttime 10th percentile of the time series to characterize the geographic and topographic distribution of temperature extremes. We then computed thermal amplitude as the difference between maximum and minimum temperature percentiles.
We characterized annual precipitation using data from the Tropical Rainfall Measuring Mission (TRMM), product 3B43 version 7, at 0.25°( $27 km) spatial resolution, covering the same period of the NDVI observations. The 3B43 product comprises estimated values of average monthly rainfall (mm h ) inferred by an assimilation algorithm that ingests data from multiple sensors of the TRMM, as well as rain gauge data provided by the Global Precipitation Climatological Center (GPCC) and the Climate Assessment and Monitoring System (CAMS), and is produced by the National Oceanic Atmospheric Administration (NOAA). Image processing was carried out in ENVI 5.1 (Exelis Visual Information Solutions 2013), and precipitation values were converted from mm h TRMM estimates and monthly ground observations from 112 weather stations distributed throughout the study area, covering the entire studied period, was of R 2 = 0.96 (Sobreiro and others 2015) and did not indicate any bias.
Elevation was derived from the Shuttle Radar Topography Mission (SRTM) 3-arcsec (90 m) dataset (± 15 m vertical accuracy), obtained from the Earth Explorer server of the United States Geological Survey (http://earthexplorer.usgs.gov/). Based on elevation, we derived the topographical wetness index (TWI), which represents a relative measure of potential long-term soil water storage capacity at a given site in the landscape. TWI was calculated using the SAGA GIS software, according to Beven and Kirbk (1979) :
where a is the specific catchment (the cumulative upslope area draining through the cell, divided by its contour width) and B is the local cell slope (Beven and Kirbk 1979) . The specific catchment area describes the tendency of the site to receive water from upslope areas, and the local slope describes the tendency of the site to lose water through surface and subsurface run-off (Beven and Kirbk 1979) . is the number of days between SOS and EOS. The mid-season position (MID) is the mean date value between the points where the left edge of the curve increases to 80%, and right edge decreases to 80%. Season amplitude (SA) is the difference between the maximum value and the mean of the lowest fitted value for both SOS and EOS. Green-up (GR) and senescence (SR) rates are the ratio of increase for values between the 20 and 80% level of the right and left edges, respectively. The numbers indicate, respectively: 1-SOS; 2-GR; 3-MID; 4-SR; 5-EOS, 6-LOS; and 7-SA.
We simulated the solar insolation budget using the Solar Radiation Tool of the ArcGIS Surface Analysis Toolset (Rich and others 1994) . Insolation maps were obtained from an insolation model that accounts for clear-sky atmospheric conditions, elevation, surface orientation and occlusion from surrounding topography (Fu and Rich 2002) . Our resulting variable was the total annual budget of incoming insolation (TII), corresponding to the sum of direct and diffuse radiation (Fu and Rich 2002) . The atmospheric parameters of transmissivity and diffuse to direct radiation proportion were set as 0.4 and 0.6, respectively. Sky size was set to 200 cells, and we used the standard overcast sky diffuse model type (Fu and Rich 2002) .
Because the algorithm calculates the radiation budget under continuous clear-sky conditions, we also derived a cloud cover frequency map using the quality assessment (QA) flags indicating cloud occurrence from the Terra MODIS MOD09GA daily surface reflectance product, at 1 km spatial resolution. Cloud cover was expressed as the percentage of observed cloudy days for the entire period between 01 January 2001 and 31 December 2015. Data processing was done using the Google Earth Engine cloud computing platform, using a custom JavaScript script that interfaces with the Engine API (https://developers.google.com/earth-engine/ playground). Montane vegetation: a heterogeneous mosaic of vegetation known in Brazil as campo rupestre sensu lato, occurring over elevations above 800 m and comprising mainly non-forest vegetation types dominated by rocky and sandy grasslands surrounding vegetation growing on rock outcrops (Fernandes 2016; Silveira and others 2016) . Cerrado: a vegetation dominated by woody and shrubby neotropical savannas, also including a vegetation gradient spanning from C4 grasslands to closed canopy seasonal forests (Simon and others 2009). Land uses: agriculture, pasture, Eucalyptus plantations, urban areas and other land uses that are not natural vegetation.
Data Extraction and Analysis
We characterized the general spatial patterns of land surface phenology along the Espinhaço Range by averaging the per-pixel value of each phenological metric across the 14 growing seasons of the time series. All images were resampled to the MODIS spatial resolution (250 m), and phenological metrics and environmental variables were stacked in a multilayer image. We then sampled the stack to retrieve only pure pixels from each vegetation class, to avoid the inclusion of signals from mixed vegetation and from human-modified surfaces. Pure vegetation samples (polygons containing pixels with unmixed vegetation cover for each class) were manually delineated using visual interpretation of high-resolution Google Earthä and Bing Mapsä imagery, using the OpenLayers plug-in of QGIS 2.14 software (www.qgis.org). We took 25 samples for each vegetation class, comprising a total of 26,122 pixels (dry woodlands = 4945 pixels; cerrado = 6611 pixels; montane vegetation = 7512 pixels; moist forests = 7054 pixels). We also cross-checked our sample classification with the TreeCO bibliographical database for forest descriptions (http://labtrop. ib.usp.br/doku.php?id=projetos:treeco:start) (de Lima and others 2015), to ensure they correctly represented each of the described vegetation types.
Using the pure vegetation samples extracted, we then fitted several general linear models using each phenology metric as the dependent variable (Y), and different combinations of environmental drivers as predictors (X), each model formulation representing different competing hypothesis on the expected relationship between phenology and environment. The models were fitted for all samples (global model), and then separately for each vegetation type (specific models). For each phenology metric, we specified two full models, representing our main environmental hypotheses, the first one using all single variables as independent explanatory terms, and the second including interaction terms between TWI and rainfall and between solar radiation and cloud cover frequency:
where Y is the phenological metric, TII is the total incoming insolation (Wh m -2 ), CCF is the cloud cover frequency (%), TA is the thermal amplitude (°C), AAP is the average annual precipitation (mm year -1 ), TWI is the topographic wetness index (unitless), and e i is the error term.
The term combining AAP and TWI describes the interaction between the amount of water (precipitation) entering the system and the soil capacity for water accumulation, which therefore determines potential water availability. The combination between annual insolation and cloud cover frequency TII Ã CCF ð Þ was used to describe how clouds can alter the balance between direct and diffuse radiation, as well as the total incoming PAR, therefore representing potential light availability. From the two global models, we assessed the contribution and significance of each environmental variable, using standardized model coefficients, and manually derived competing nested parsimonious models using Akaike's information criterion (AIC) as a model selection method (Burnham and Anderson 2004) . We assessed multicollinearity among covariates by calculating the variance inflation factor (VIF) for each model predictor, and no evidence for collinearity was found. The highest VIF value was found for the TWI variable (VIF = 2.69; for the models relating SA, GR and SR), still below the recommended threshold of 3 (Zuur and others 2010) . All models were also checked for normality and independence of the residuals, with no issues found for any model.
RESULTS

Land Surface Phenology Patterns
The spatial distribution of the 14-year averages for all phenological metrics revealed a well-defined geographic pattern for vegetation phenology along the meridional Espinhaço Range (Figures 2, 5, 6 ), following both latitudinal and elevational gradients. The maps show how phenology tracks the topography of the region, emphasizing the distinctive phenological patterns of higher-elevation vegetation.
The start of the growing season (SOS) happened earlier at lower elevations and in the western portions of the study area and was only later followed by the highest elevations and eastern portions of the Espinhaço Range. Timing for the midseason (MID) and end of season (EOS) dates tracked SOS, indicating that season displacement was more important than season length in separating each vegetation (Figures 3, 4) . Dry woodlands started their growing season first, by late August (doy 238 ± 14d, ± 1sd), followed by cerrado in the beginning of September (doy 250 ± 21d) and montane vegetation by late September (doy 267 ± 27d), while moist forests had the latest start dates, in early October (doy 284 ± 34d) (Figures 3, 4) . MID dates were consistently reached 140-145 days after the SOS, occurring towards the end of January for dry woodlands and cerrado, and in mid-late February, for montane vegetation and moist forests (Figures 3, 4) . Dry woodlands were the first to shed their leaves, at the end of May (doy 145 ± 15d), followed by cerrado in the beginning of June (doy 159 ± 18d), montane vegetation in late June (doy 170 ± 20d) and moist forests at the beginning of July (doy 187 ± 31d). Leaf senescence occurred during the dry season, approximately nine months after leaf flush, and the duration of the leaf-off period was between 2 and 3 months.
The mean length of the season (LOS) was larger than 250 days for almost the entire region, and season length was inversely proportional to elevation, decreasing 1.58 days per 100 m ( Figure 5 ). Montane vegetation along the Espinhaço Range and higher-elevation moist forests in the Iron Quadrangle (above 900 m) had the shortest LOS, averaging 266 days (± 27d and ± 34d, respectively). Moist forests at lower elevations had mean LOS similar to dry woodlands and cerrado, 273 days (± 16d and ± 23d, respectively). We also observed distinct latitudinal and elevational patterns for season amplitude (SA), emphasizing the Land Surface Phenology in a Tropical Mountain strong seasonality of dry woodlands in the northern portion of the Espinhaço Range (SA = 0.39 ± 0.08, unitless) ( Figure 5) . Cerrado also had a marked seasonality (0.19 ± 0.09), more similar to montane vegetation and moist forests had the lowest variability of season amplitude (0.14 ± 0.04 and 0.12 ± 0.05, respectively).
Mean green-up (GR) and senescence (SR) rates were similar for the entire area, having well-defined patterns of variation across the latitudinal and elevational gradients (Figure 6) , with each vegetation type having comparable GR and SR rates. Dry woodlands at the northern Espinhaço Range had the fastest rates of growing (GR = 0.036 ± 0.009, unitless) and senescence (GR = 0.031 ± 0.009), followed by cerrado (GR = 0.016 ± 0.009 and SR = 0.016 ± 0.01). Montane vegetation had slower rates (GR = 0.011 ± 0.004 and SR = 0.012 ± 0.007), and moist forests had the slowest rates (GR = 0.010 ± 0.005 and SR = 0.009 ± 0.007).
Environmental Drivers
The temperature gradient along the Espinhaço Range had a well-defined pattern, showing increasing temperatures from east to west and south to north and lower temperatures at higher elevations. Thermal amplitude varied approximately 7°C in average along the Espinhaço Range, with a latitudinal pattern of lower amplitudes from north to south (Figure 7) . At the northern portion of the Espinhaço Range, higher temperatures were observed at lower elevations, but this relationship did not hold for the southern portion of the range, where temperatures were more homogenous. Average annual precipitation (AAP) had a marked latitudinal pattern: higher precipitation rates were found at the southern parts of the Espinhaço Range, decreasing towards the north-eastern areas (Figure 7) , with precipitation ranging from 852 to 1569 mm y -1 . Rainfall patterns in the state of Minas Gerais are closely linked to the effects of the South Atlantic Convergence Zone (SACZ), which operates in a stationary way, especially in the 19°S and 20°S latitude, explaining the larger precipitation volume in these latitudes (Carvalho and others 2004) . TWI had a gradient from east to west, with lower values at the eastern side of the Espinhaço Range due to the steeper terrain and small contributing drainage areas. Terrain-estimated insolation had higher values at the highest elevations, and several shaded areas occurred due to the Espinhaço rugged topography (Figure 7) . Cloud cover frequency (CCF) had a strong pattern of variation from east to west, being more frequent in the eastern and northern regions of the Espinhaço Range, where moist forests and high-elevation grasslands can be found (Figure 7 ).
Environmental Drivers of Land Surface Phenology
Water and radiation variables were the best predictors of LSP across the Espinhaço Range, being always included in the most parsimonious models (Table S1 -Supplementary Data). For season metrics (SOS, EOS and LOS), potential water availability and potential light availability (interaction terms) were the strongest predictors. We found strong influence of both potential light availability and potential water availability in SOS dates (R 2 = 0.78, p < 0. 0001), whereas EOS dates were better explained by potential water availability and cloud cover frequency (R 2 = 0.77, p < 0. 0001). LOS was also strongly influenced by potential light availability and potential water availability (R 2 = 0.67, p < 0. 0001). For phenological metrics related to productivity (GR, SR and SA), temperature amplitude also had a strong influence, being positively correlated and explaining a significant portion of variation for GR and SR (R 2 = 0.77, p < 0.05 and R 2 = 0.76, p < 0. 0001, respectively) as well as for SA (R 2 = 0.77, p < 0. 0001). Looking at the vegetation-specific models of phenological metrics, we observed the relative contribution of water-, light-and temperature-related drivers (Table S2 -Supplementary Data). A combination of potential light availability, potential water availability and TA influenced most of the phenological metrics described for cerrado, explaining more than 69% of variation, with the exception of SOS dates, which had 78% of variation explained only by potential light and water availability (Supplementary Table S2 ). Potential light availability and potential water availability also had a strong influence on montane vegetation phenology, explaining more than 68% of SOS, EOS and LOS dates, but less than 40% for GR, SR and SA. No evidence of TA influence was found for montane vegetation. Moist forests were also influenced by potential water availability and potential light availability, which explained more than 50% of the variance found for SOS, EOS and LOS dates. The combination of potential water availability, potential light availability and TA had a strong influence on GR, SR and SA, explaining more than 80% of the variance for moist forests. Dry forests were influenced by TA for all phenological metrics assessed, except for LOS, where no significant relation was found. TA explained just about 20% of the variance on the SOS and EOS dates and about 28% for GR, SR and SA for dry woodlands.
DISCUSSION
Although climate can be considered as the main abiotic factor controlling phenological dynamics, topography had a key role in modulating the environmental processes influencing LSP in the Espinhaço Range. In temperate mountains, topography is pointed out as a strong predictor of snowmelt, snow accumulation and temperature change across elevations, influencing leaf onset and leaf development (Hudson Dunn and de Beurs 2011; Hwang and others 2014) . However, we show that in the absence of snow and/or freezing temperatures, complex topography still results in high variability of LSP patterns in the Espinhaço mountains, which appears to be a consequence of interactions between topography-mediated water and light availability, compounded by temperature amplitude. This complex topographic matrix and resulting topoclimatic variability allows the coexistence of highly diverse vegetation types (Fernandes 2016; Silveira and others 2016) .
The importance of rainfall and its interaction with topography for LSP is shown by the consistent selection of potential water availability (interaction term between AAP and TWI) in the statistical models. In terrestrial plants, root water uptake is the most common water-acquisition mechanism (Oliveira and others 2016) and it has been used to explain species coexistence in the cerrado savannas (Rossatto and others 2014) . Herbaceous plants, as found in cerrado and montane grasslands, with their dense and shallow root systems, tend to colonize shallow soils, where water is more superficial (Tannus and others 2006; Archibald and Scholes 2007; Rossatto and others 2014) . Woody plants, on the other hand, are highly plastic with respect to preferential water uptake, varying from shallow to deep soil sources according to small changes in topography (Rossatto and others 2014) . According to Rossatto and others (2014) , competition for water between woody and herbaceous species is maximized at shallow slopes with deeper soils, while woody plants are outcompeted by herbaceous species along shallow soil conditions Our results also highlight the importance of combined total incoming insolation and cloud cover (potential light availability) on plant phenology. Insolation is widely known to drive the timing of leaf phenology in the tropics (Wright and van Schaik 1994; others 2005, 2015; Mittelbach and others 2007; Calle and others 2010; Jones and others 2014; Bi and others 2015) . Seasonal and spatial variations in cloud coverage can result in substantial seasonality in light availability to plants. Cloud cover had a strongly defined spatial pattern, due to the influence of the Atlantic tropical mass, forming an area of stationary nebulosity along the eastern faces and higher-elevational areas of the ER mountains (Coelho and others 2016) . Clouds can reduce direct beam radiation and increase diffuse radiation, which penetrate canopies more efficiently and can increase whole canopy carbon uptake even when total irradiance is reduced (Graham and others 2003) .
Our results also show that temperature has a less strong, but still fundamental role in determining vegetation dynamics in snow-free tropical mountains. Temperature has long been recognized as a fundamental constraint on many biological processes, which interacts with radiation and water to impose complex and varying limitations on vegetation activity (Myneni and others 2007; Calle and others 2010; Pau and others 2013; Borchert and others 2015) . We found that temperature amplitude influenced the rates of plant development, that is, the speed of green-up and senescence, and also the strength of seasonality, across all vegetation types. According to Kö rner (2006) , temperature does not necessarily control critical ontogenetic phase changes such as bud-break induction, flowering or leaf senescence, but the speed at which plants and their organs pass through developmental phases does depend on temperature. Furthermore, temperature is one of the key environmental factors driving evapotranspiration, thus contributing to water availability and plant-water relations.
Plant species can adapt and/or acclimatize to a variety of environmental conditions (Colwell and others 2008) , often displaying different strategies, as we observed for LSP across the Espinhaço Range mountains. With the exception of moist forests, leaf flush occurred mostly before the start of the rainy season, indicating that vegetation types occurring across the Espinhaço Range are predominantly of the drought-tolerant type (Reich and Borchert 1984) . This means that most plants are capable of storing or accessing water throughout the season, rehydrating after leaf shedding regardless of the length of the dry season (Borchet and others 2002) . Because the timing of leaf flush requires predictable temporal cues in a limiting environment, it is possible that leaf flush is triggered by light-related environmental cues that precede the wet season, such as changes in irradiance others Land Surface Phenology in a Tropical Mountain 2005, 2015; Zimmerman and others 2007; Davies and others 2013; Jones and others 2014) . We suggest that the timing of leaf flush for vegetation in the Espinhaço Range has evolved in response to seasonal variations in both irradiance and water availability, since total incoming radiation, cloud frequency and potential water availability were found to be the best predictors of leaf flush (start of the season). Our results (Figure 4 ) are consistent with previous findings showing that tropical tree phenology has evolved to produce new leaves coinciding with peaks in solar irradiance (Wright and van Schaik 1994; Myneni and others 2007; Jones and others 2014; Bi and others 2015; Borchert and others 2015) . By flushing leaves before the wet season, plants may keep leaves for longer periods, having more opportunities for photosynthetic assimilation and growth (van Schaik and others 1993; Calle and others 2010; Jones and others 2014; Bi and others 2015) while minimizing damage by herbivory, which is more intense during the rainy season (Coley 1988) . This strategy may also apply to several perennial grass species at the mountaintop of Espinhaço Range, but this has not been studied to date.
Leaf fall in seasonal forests has been directly or indirectly related to water stress and the occurrence of a more or less severe dry season (Reich and Borchert 1984 ). Because leaf fall had different timings for each vegetation type but always occurred during the dry season, vegetation types in the Espinhaço Range must have different strategies to deal with water shortage, and shedding their leaves may be a response to the first signs of water deficit (Reich and Borchert 1984; Morellato and others 2000; Lima and Rodal 2010) . Our results are consistent with water deficit influencing leaf fall events, but residual variance in the models may be explained by endogenous processes rather than environmental cues. Lers (2007) states that leaf senescence is highly regulated by physiological processes promoting plant survival, growth and reproduction.
Season length is usually determined by the presence of snow in cold mountain environments (Inouye and Wielgolaski 2013) , and no patterns and associated drivers have been reported for snow-free mountains. We propose that water and light availability act simultaneously to define the length of the growing season for the snow-free Espinhaço Mountain Range vegetation.
LSP patterns of green-up and senescence rates, as well as season amplitude are connected with the dominance of phenological functional types of each vegetation. Usually, the mix of evergreen and deciduous species gives tropical dry forests a phenological complexity that is not found in other tropical forest formations (Reich and Borchert 1984; Portillo-Quintero and Sá nchez-Azofeifa 2010) . The faster green-up and senescence rates of dry woodlands observed in this study are explained by the predominance of strongly seasonal, deciduous species in this vegetation (Pezzini and others 2014) . Moist forest vegetation, on the other hand, encompasses semideciduous and cloud forests that are dominated by a different proportion of deciduous, semideciduous and evergreen species (Lopes and others 2012) . Semideciduous forests may have up to 50% of deciduous to semideciduous trees others 1989, 2013; Morellato and Leitã o-Filho 1992) , maintaining reduced leaf cover during the dry season and increasing coverage during the wet season, with short deciduous stages (Singh and Kushwaha 2005) . On cloud forests, however, leaf flush and leaf fall may be observed year-round (Morellato and others 2000) , and leaf cover is not reduced, leading to slower green-up and senescence rates and lower seasonality.
Concluding Remarks
Our study unravels land surface phenology patterns along elevational and latitudinal gradients, highlighting the distinctive phenology of higherelevational tropical vegetation and describes for the first time the large-scale patterns of growing season length in seasonally dry neotropical vegetation. Although we did not find evidence of temperaturerelated periodicity, such as observed for temperate mountain vegetation, we did observe effects of temperature amplitude over the rates of green-up and senescence events, indicating that tropical seasonally dry vegetation could be sensitive to the increases in global temperatures. That is especially true for dry woodlands and cerrado vegetation, which had a more pronounced seasonality and were more susceptible to the effects of temperature.
We demonstrated that different vegetation types have diverse leaf phenology strategies in seasonally dry tropical environments and seem to maximize the use of water and light, whose availability is strongly influenced by topography. Our spatially explicit analysis of the processes driving phenological patterns in a snow-free tropical mountain shows the importance of environmental factors acting simultaneously as proximate cues for tropical plant phenology, from the highest elevations at different latitudes, to the ''less seasonal'' lower-elevation moist forests, as has been broadly shown for the lowland tropics (Morellato and others 2000) .
Our results highlight the need for further and combined ecological studies from local to regional scales, to disentangle the relative importance of direct and indirect effects of water, light, temperature and especially cloud cover seasonality on tropical land surface phenology dynamics.
